Neurons are well suited for computations on millisecond timescales, but some neuronal circuits set behavioral states over long time periods, such as those involved in energy homeostasis. We found that multiple types of hypothalamic neurons, including those that oppositely regulate body weight, are specialized as near-perfect synaptic integrators that summate inputs over extended timescales. Excitatory postsynaptic potentials (EPSPs) are greatly prolonged, outlasting the neuronal membrane time-constant up to 10-fold. This is due to the voltage-gated sodium channel Na v 1.7 (Scn9a), previously associated with pain-sensation but not synaptic integration. Scn9a deletion in AGRP, POMC, or paraventricular hypothalamic neurons reduced EPSP duration, synaptic integration, and altered body weight in mice. In vivo whole-cell recordings in the hypothalamus confirmed near-perfect synaptic integration. These experiments show that integration of synaptic inputs over time by Na v 1.7 is critical for body weight regulation and reveal a mechanism for synaptic control of circuits regulating long term homeostatic functions.
INTRODUCTION
Synaptic integration mechanisms in neurons combine synaptic potentials to control action-potential firing. The manner in which neurons integrate synaptic inputs can vary extensively, and these processes underlie the different computations mediated by particular neuronal cell types. For example, cortical and hippocampal neurons, which process rapidly changing information, integrate thousands of inputs with rapid decay times ($10-50 ms) that often require precise temporal coincidence to elicit neuronal firing (Magee, 2000; Spruston, 2008) . Synaptic integration properties are typically tied to the fundamental biophysical properties of all cellular membranes, which make neurons well-suited for responding on short timescales (Jack et al., 1975) . However, neurons in many brain circuits operate over long timescales, despite having similar core membrane properties, and much less is known about how they integrate synaptic inputs.
AGRP neurons in the hypothalamic arcuate nucleus (ARC) regulate appetite and body weight on long timescales ranging from minutes to hours, in part, by integrating hormonal signals (Gao and Horvath, 2007) , which includes hormone action on excitatory synaptic inputs (Yang et al., 2011) . These neurons undergo marked synaptic plasticity in response to changing metabolic and hormonal states (Liu et al., 2012; Pinto et al., 2004; Yang et al., 2011) , indicating an important role for synaptic control over AGRP neuron activity. Moreover, several sources of synaptic input have been identified (Krashes et al., 2014; Sternson et al., 2005; Wang et al., 2015) and found to be important for maintaining AGRP neuron activity. To understand the computational properties of AGRP neurons, we investigated their synaptic physiology in conjunction with neuronal modeling, cell type-specific RNA sequencing (RNA-seq) data, and gene expression perturbation methods to probe how excitatory synaptic inputs control AGRP neuron firing. We found remarkably efficient synaptic integration properties and determined an underlying molecular mechanism that is found in AGRP neurons and multiple other hypothalamic cell types, is observed in vivo, and is required for normal body weight regulation.
RESULTS

Efficient Synaptic Integration in AGRP Neurons
To examine the relationship of fast synaptic transmission to neuronal firing in energy homeostasis circuits, we started by measuring synaptic integration in AGRP neurons. In acute hypothalamic brain slices containing the ARC from adult (5-10 weeks) male Npy hrGFP transgenic mice (arcuate NPY neurons co-express Agrp), we measured the input-output function of AGRP neurons using cell-attached recordings of the spontaneous spike rate and whole cell recordings of pharmacologically isolated spontaneous excitatory synaptic input (see Experimental Procedures). AGRP neurons received a mean excitatory input rate of 6.6 ± 0.8 Hz and fired action potentials at 2.6 ± 0.3 Hz (n = 16), which corresponds to 2.5:1 input-output conversion ( Figure 1A ). In the presence of the AMPA receptor antagonist NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione; 1 mM), spontaneous action potentials were not observed, showing that AGRP neuron firing requires integration of synaptic input ( Figure 1A ). This remarkably efficient inputoutput function contrasts with input integration in other areas of the brain, where, for example, pyramidal cells in the cortex or hippocampus need an input rate on the order of 1 kHz (Branco and Hä usser, 2011; Shadlen and Newsome, 1998) to produce a single action potential (see examples in Figures 1A and 1B) . Next, we examined biophysical and synaptic properties that underlie efficient integration of excitatory synaptic input in AGRP neurons. We used whole-cell voltage recordings and examined the membrane potential trajectory before spontaneous action potentials. Each action potential was preceded by exceptionally long-lasting EPSPs, which could persist up to 500 ms. This is remarkable because cellular membranes act as resistor-capacitor circuits, and synaptic potentials typically decay with the passive neuronal membrane time constant (t m , the product of cellular membrane electrical resistance and the membrane capacitance), but EPSPs in AGRP neurons decayed, on average, 3.3 ± 0.2 times more slowly than the neuronal membrane time constant (t m : 37.7 ± 4.0 ms, n = 13, paired t test, p < 0.001; Figures 1B, 1C , and S1A-S1E). Strikingly, individual EPSPs could last up to 10-fold longer than t m , in sharp contrast to the $20 ms decay-times observed in cortical neurons (Iansek and Redman, 1973; Magee, 2000; Williams and Stuart, 2000) . As a result of this unusually slow decay time course, EPSPs were integrated by AGRP neurons as stepwise increases in membrane potential ( Figure 1D ). Thus, on average, the last spontaneous EPSP occurred well before action potential onset (99.1 ± 5.8 ms, Figure 1D ), and there were only 2.1 ± 0.1 synaptic events between the resting membrane potential and the action potential, which is in good agreement with the 2.5:1 input-output ratio ( Figure 1A ). Similar results were also observed for combined integration of excitatory and inhibitory input (Figures S1F and S1G). These experiments show that AGRP neurons are near-perfect synaptic integrators (Knight, 1972; Pressley and Troyer, 2009) , whereby the voltage depolarization caused by each excitatory synaptic input can be sustained for considerably longer than the membrane time constant and can sum over long timescales. This mode of integration is fundamentally distinct from that used by neurons in brain regions where information processing relies on coincidence detection (Kö nig et al., 1996) .
Persistent Sodium Current Is Required for Integration
The mismatch between the membrane time constant and EPSP duration in AGRP neurons suggests that synaptic responses are prolonged by an active postsynaptic conductance. To test this, we first hyperpolarized AGRP neurons by À20 mV (membrane potential: -77.5 ± 2.4 mV) to reduce activation of voltage-gated depolarizing conductances, and we found that EPSPs decayed much faster, so that their decay was no longer significantly different than the membrane time constant (110 ± 20% of t m ; n = 4; paired t test, p = 0.52, Figure 1E ). Responses to somatic injection of brief current pulses showed similar properties to spontaneous EPSPs, with long decay time constants and stepwise summation, that were also abolished with hyperpolarization (96% ± 4% of t m , n = 4, versus 233% ± 31% for control, n = 5; unpaired t test, p = 0.011; Figure 1F ), and similar results were obtained with injections of mEPSC waveforms ( Figure S1H ), further confirming a role for active conductances in generating step-like changes in AGRP neuron membrane potential.
To identify the ion channel conductances required for prolonged EPSPs, we used pharmacology to block conductances previously associated with active input integration (Gulledge et al., 2005; Magee, 2000) . Antagonists of NMDA receptors or L-type and T-type voltage-gated calcium channels did not significantly change input integration in AGRP neurons (Figures S1I-S1K). In contrast, blocking voltage-gated sodium channels with tetrodotoxin (TTX) abolished EPSP prolongation (111% ± 7% of t m ; n = 9; paired t test, p = 0.13; Figure 1E ), without changing the properties of spontaneous EPSCs (Figures S1L-S1N) . Moreover, the decay time of responses to somatically injected current pulses was reduced by TTX to the membrane time-constant (94% ± 6% of t m for TTX, n = 5; paired t test, p = 0.12; Figure 1F ), showing a critical role for voltage-gated sodium channels in synaptic integration in AGRP neurons.
Voltage-gated sodium channels can amplify synaptic potentials via a persistent sodium current (I NaP ), (Carter et al., 2012; Cummins et al., 1998; Farries et al., 2010; French et al., 1990; Fricker and Miles, 2000; Prescott and De Koninck, 2005; Stuart and Sakmann, 1995) . I NaP can be isolated using slow voltageramp protocols, which inactivate the much larger fast transient sodium channel conductances while activating I NaP . To test whether I NaP is present in AGRP neurons, we used this protocol while blocking other voltage-gated channels, and we observed a TTX-sensitive persistent current (activation threshold: À56.4 ± 2.3 mV, average current at À30 mV: À23.3 ± 3.2 pA, n = 13, Figure 1G) , which was 0.95% of the transient inward current (peak amplitude: À2.4 ± 0.3 nA). Even with potassium conductances intact, the net current elicited by small (+5 mV) voltage steps from the resting potential was inward (À5.5 ± 0.7 pA at 50 ms after onset, n = 15) and TTX-sensitive ( Figure 1H ), indicating that I NaP can be activated by the small depolarization produced by synaptic input and thus support EPSP prolongation in AGRP neurons.
These experiments show that the intrinsic conductances present in AGRP neurons favor activation of sustained depolarizing currents close to the resting membrane potential. As the net persistent current only becomes outward near the action potential threshold, these properties are well-suited to link synaptic input to action potential initiation, with each excitatory synaptic input activating I NaP , and moving the membrane potential toward the action potential threshold in a stepwise fashion. To further understand the underlying biophysical mechanisms, we also measured the total potassium channel conductance ( Figure 2A ) and developed computational models for AGRP neurons. We first defined the minimum biophysical conditions sufficient to generate prolonged synaptic potentials in a single compartment model equipped with I NaP , voltage-gated potassium channels, and passive properties that matched our experimentally measured voltage-clamp data ( Figure 2B ) from AGRP neurons. This model reproduced long-lasting EPSPs, similar to those that we observed experimentally in AGRP neurons. We also systematically varied the model parameters and found that EPSP prolongation occurs in a narrow band of I NaP and voltage-gated potassium conductances ( Figure 2C ). This is required so that I NaP activation generates net inward current, but does not lead to runaway depolarization and achieves relatively stable voltage levels after synaptic input (Figures S2A and S2B) . Additional key factors for generating step-like EPSPs in AGRP neurons are their high input resistance, which converts small amounts of I NaP into large enough depolarization to support current regeneration, and a resting potential close to the I NaP activation threshold ( Figures S2C and S2D) . We next developed a multicompartmental model of AGRP neurons based on an experimentally reconstructed cell, which also reproduced step-wise integration and efficient input-output function ( Figure 2D-2F) . Thus, the combination of I NaP , favorably tuned potassium channels, a relatively depolarized resting membrane potential, and high input resistance support near-perfect synaptic integration in AGRP neurons. Input Integration Is Associated with Na v 1.7 Voltage-gated sodium channels are composed of a variety of alpha subunits with different biophysical properties (Catterall, 2000) . Although persistent sodium currents can, in principle, be generated by any voltage-gated sodium channel (Taddese and Bean, 2002) , we aimed to identify the molecular basis of I NaP in AGRP neurons. Analysis of RNA sequencing data from AGRP neurons (Henry et al., 2015) showed several common neuronally expressed voltage-gated sodium channels (Scn1a-3a, Figure 3A ) as well as unexpected expression of Scn9a, which encodes Na v 1.7. Na v 1.7 has been previously described in painsensing neurons and olfactory sensory neurons (Cox et al., 2006; Dib-Hajj et al., 2013; Weiss et al., 2011) , where it has been suggested to generate a persistent sodium current that helps to bring subthreshold membrane fluctuations associated with nociception to the action potential firing threshold or to mediate action potential propagation and synaptic release in olfactory sensory neurons (Cummins et al., 1998; Weiss et al., 2011) . Although Na v 1.7 has not been examined elsewhere in the brain, we tested the contribution of Na v 1.7 to I NaP and EPSP prolongation in AGRP neurons by using Protoxin-II, a sodium channel blocker that has a 100-fold higher affinity for Na v 1.7 over other voltage-gated sodium channels (Schmalhofer et al., 2008) . Protoxin-II significantly reduced the current amplitude evoked by a small voltage step (42.6% ± 19.8% of I NaP in absence of Prototoxin-II, n = 12; unpaired t test, p < 0.05), and also decreased the decay time of EPSPs (42.3% ± 4% of decay time in absence of Prototoxin-II, n = 8; unpaired t test, p < 0.001), indicating that Na v 1.7 might contribute to synaptic integration in AGRP neurons ( Figures 3B and 3C ). Next, we investigated Scn9a expression by RNA fluorescent in situ hybridization (FISH). Scn9a was highly expressed in the ARC, the dorsal medial hypothalamic nucleus (DMH), and the paraventricular hypothalamic nucleus (PVH); but not in the ventromedial hypothalamic nucleus (VMH), medial amygdala (MeA), ventral hippocampus dentate gyrus (vDG), or reticular thalamus (RT) (Figures 3D-3F ). Interestingly, neurons in the PVH, which express Scn9a, showed prolonged EPSPs (335% ± 39% of t m , n = 10 paired t test, p = 0.002), whereas VMH neurons have low expression of Scn9a and do not have prolonged EPSPs (130% ± 12% of t m , n = 6; paired t test, p = 0.10). Thus, this synaptic integration property tracks the relative expression levels of Scn9a in at least three hypothalamic regions ( Figure 3G ). Double-label RNA-FISH in the ARC revealed 99.7% co-localization of Scn9a with Agrp transcripts (327/328 AGRP neurons; Figure 3H ). Moreover, Scn9a expression in the ARC was not restricted to AGRP neurons. We also found that 99.4% of POMC neurons, an intermingled ARC neuron population with opposing effects on energy homeostasis, expressed Scn9a (168/169 POMC neurons; Figure 3I ). Based on the correspondence between Scn9a expression in AGRP neurons and prolonged EPSP kinetics, we expected that POMC neurons might have synaptic integration properties that are similar to AGRP neurons. This prediction was confirmed by whole-cell recordings from POMC neurons in PomctopazFP transgenic mice, which showed sustained EPSPs preceding action potentials, as well as a TTX-sensitive net inward current in response to step-depolarization from the resting membrane potential (Figures 3J-3L) . Therefore, Scn9a expression is associated with sustained EPSPs and near-perfect synaptic integration properties in several hypothalamic cell types tested here, including AGRP, POMC, and PVH neurons, which are critical regulators of energy homeostasis.
Efficient Input Integration Requires Scn9a
To confirm the molecular basis of I NaP in AGRP neurons we first developed a recombinant adeno-associated viral (rAAV) vector for Cre recombinase-dependent, cell-type-specific RNA-interference (''knock-down'') of Scn9a in the brain. This method couples reporter gene expression (humanized Renilla green fluorescent protein [hrGFP] ) to RNA interference with a microRNA (miR30) cassette that was modified (Stegmeier et al., 2005; Stern et al., 2008) to encode a shRNA sequence for Scn9a in the 3 0 -untranslated region, allowing identification of neurons transduced with the short hairpin RNA (shRNA) (Figures 4A and 4B) . This shRNA strongly reduced the amplitude of both transient and persistent sodium currents in HEK cells stably expressing murine Na v 1.7, while these currents were not substantially changed with a scrambled shRNA vector ( Figures 4C-4G ). Cre-conditional expression of rAAV2/9-CAG::FLEX-rev-hrGFP:mir30 (Scn9a) of t m , n = 14; Npy hrGFP : 330% ± 20% of t m , n = 13; unpaired t test, p < 0.001), whereas expression of a scrambled Scn9a shRNA sequence maintained prolonged EPSPs (AGRP sh(Scn9a-scram) : 271% ± 3% of t m , n = 7; Npy hrGFP : 330% ± 20% of t m , n = 13; unpaired t test, p = 0.15, Figure 5A ). Voltage-clamp ramps and voltage-step protocols showed marked reduction of I NaP from AGRP sh(Scn9a) mice compared to scrambled Scn9a shRNA-expressing control cells (71.4% ± 2.6% reduction for ramps, n = 11 AGRP sh(Scn9a) , n = 7 AGRP sh(Scn9a-scram) ; U test, p < 0.001, 85.4% ± 5.8% reduction for steps, n = 9 AGRP sh(Scn9a) , n = 4 AGRP sh(Scn9a-scram) ; U test, p = 0.003; Figure 5B ), consistent with a key role of the Na v 1.7 conductance for sustaining EPSPs. Importantly, Scn9a knockdown did not significantly affect input resistance (90.1% ± 8% of scrambled, unpaired t test, p = 0.56) or the membrane time constant (98% ± 13% of scrambled, unpaired t test, p = 0.92), suggesting that the more rapid EPSP decay was specifically due to the reduction of Na v 1.7-dependent I NaP ( Figure S3 ). Moreover, the voltage threshold for action potential firing was not significantly changed by Scn9a knock-down ( Figure S3 ), and accordingly, the peak transient inward current was not significantly affected by Scn9a knock-down (AGRP sh(Scn9a) : À2.4 ± 0.2 nA, n = 12; AGRP sh(Scn9a-scram) : À2.6 ± 0.3 nA, n = 6; unpaired t test, p = 0.50). This is consistent with the endogenous expression of other voltage-gated sodium channels ( Figure 3A ), which may be upregulated to compensate for the loss of Na v 1.7-dependent transient current as has been observed in neurons after ablation of other sodium channels (Van Wart and Matthews, 2006; Vega et al., 2008) . As expected from the loss of a persistent inward current, the rheobase was shifted to the right (52.8% ± 13.2% reduction in firing rate for 20 pA steps, n = 10 AGRP sh(Scn9a) , n = 7 AGRP sh(Scn9a-scram) ; unpaired t test, : 33.5 ± 4.6 Hz; unpaired t test, p = 0.89; Figure 5C ). Scn9a knock-down also greatly increased the number of spontaneous EPSPs required to reach action potential threshold ( Figure 5D ). Consistent with this, the input-output function was severely disrupted by Scn9a knock-down, which resulted in a 39:1 transformation ratio, corresponding to a 1,220% change, reflecting the failure of most inputs to contribute to action potential firing (firing rate for AGRP sh(Scn9a) : 0.18 ± 0.1 Hz; n = 6; AGRP sh(Scn9a-scram) :
2.5 ± 0.3 Hz, n = 5; U test, p = 0.004; Figure 5E ). These results show that I NaP via Na v 1.7 is critical for near-perfect integration in AGRP neurons. In agreement with Scn9a serving a similar role in POMC neurons, Cre-conditional Scn9a knock-down in
Pomc
Cre mice produced a corresponding change in EPSP properties, strongly reducing EPSP decay time to the membrane time constant (decay = 109.7 ± 8% of t m , n = 4, paired t test, p = 0.36) and eliminating I NaP (3.4 ± 2.5% of control Pomc topazFP cells, n = 4, unpaired t test, p < 0.01) ( Figure 5F ). Scn9a knock-down in POMC neurons also greatly disrupted the input-output function (POMC sh(Scn9a) : 65.6 ± 4.5 inputs/AP; Pomc topazFP :
3.2 ± 0.5 inputs/AP; unpaired t test, p < 0.001; Figure 5G ). Taken together, these experiments show that prolonged EPSPs in AGRP and POMC neurons are dependent on I NaP mediated by Na v 1.7. Na v 1.7 was previously thought to be engaged primarily in nociception and olfaction, but here we show this channel to be widely expressed in the hypothalamus where it is essential for efficient synaptic integration. Figures S4E and S4F) . Thus, loss of Scn9a in these neurons alters synaptic input integration but not their capability to produce synaptic output. Mice with cell-type-specific loss of Scn9a that were fed on a regular mouse diet developed significant body weight differences after 8 weeks. Agrp Cre/+ ;Scn9a flox/flox mice showed reduced body weight relative to Cre-negative littermate controls (À8.6% ± 1.9% at 12 weeks, two-way ANOVA with repeatedmeasures, genotype: F 1,234 = 5.4, p = 0.029; time: F 9,234 = 741, p < 0.001; interaction: F 9,234 = 4.2, p < 0.001; Figures 6A and  6C ). Conversely, Pomc Cre/+ ;Scn9a flox/flox mice increased body weight relative to Cre-negative littermate controls (+11% ± 2.7% at 12 weeks, two-way ANOVA with repeated-measures, genotype: F 1,180 = 3.8, p = 0.066; time: F 9,180 = 527, p < 0.001; interaction: F 9,180 = 5.7, p = 0.015; Figures 6B and 6C) , consistent with the role of these two cell populations in energy homeostasis. Therefore, in AGRP and POMC neurons, Na v 1.7 is essential for efficient synaptic integration as well as the opposite functions of these two homeostatic neuron populations for body weight regulation.
Near-Perfect Synaptic Integration In Vivo
To determine whether the step-wise synaptic integration supported by Na v 1.7 is observed in vivo, we performed whole-cell patch clamp recordings from hypothalamic neurons in anesthetized mice. For this, we targeted neurons in the PVH because they show pronounced EPSP prolongation ex vivo ( Figures 3E-3G ) that requires Scn9a expression ( Figure S5) , and, unlike neurons in the arcuate nucleus, we found them to be accessible to whole-cell recordings in vivo. Recording location was verified by biocytin labeling ( Figure 7A ; Supplemental Experimental Procedures).
PVH neurons fired spontaneously at 2.5 ± 0.9 Hz from a resting membrane potential of À51.3 ± 2 mV and showed similar biophysical properties to neurons ex vivo (n = 5; Figure 7B ); although input resistance was lower (input resistance = 0.52 ± 0.05 GOhm in vivo versus 1.24 ± 0.07 GOhm ex vivo; t m , = 44 ± 5.6 ms in vivo versus 33.4 ± 3.3 ms ex vivo). Recordings of spontaneous activity showed a low rate of excitatory input (15.3 ± 1.4 Hz), as well as synaptic inhibition (9.9 ± 1.3 Hz). Similar to ex vivo recordings, PVH cells in vivo showed APs preceded by prolonged EPSPs that summated in a step-wise fashion, despite the presence of synaptic inhibition ( Figure 7C ). Excitatory synaptic potentials in vivo decayed 3.95 ± 0.3 times slower than the membrane time constant (paired t test, p = 0.0029) and EPSP prolongation was abolished by somatic hyperpolarization (120% ± 10% of t m ; n = 3; paired t test, p = 0.24; Figures 7D and 7H ). To further confirm the role of Scn9a in synaptic integration in vivo we performed shRNA Scn9a knock-down in PVH neurons. In recordings from shRNA transduced mice, EPSP decay in vivo was reduced to the membrane time constant (125% ± 22% of t m , n = 5; paired t test, p = 0.37) and step-wise synaptic integration was abolished (Figures 7E-7H) . As a consequence, the resting firing rate of PVH sh(Scn9a) neurons in vivo was reduced >10-fold ( Figure 7I ; 0.18 ± 0.03 Hz, U test, p = 0.014) despite input rates similar to wild-type mice (EPSPs: 17.4 ± 1.4 Hz, t test, p = 0.40; IPSPs: 9.8 ± 0.9 Hz, t test, p = 0.94). Because of the established role of PVH neurons in energy homeostasis (Tolson et al., 2010) , we also tested the necessity of Scn9a-dependent synaptic integration in body weight control by virally targeting Cre-EGFP to the PVH of Scn9a flox/flox mice, which eliminated efficient input integration but not the ability of PVH neurons to fire action potentials (Figure S5) . Loss of Scn9a in the PVH dramatically increased in body weight ( Figures 7J and 7K ;Scn9a flox/flox : 116.5% ± 2.7% of pre-injection body weight; t test, p = 0.007). Therefore, PVH neurons in vivo require Na v 1.7 for efficient integration of sparse synaptic input to reliably reach action potential threshold and to regulate body weight.
DISCUSSION
Collectively, these experiments show a synaptic integration mechanism dependent on Na v 1.7 that selectively extends excitatory synaptic potentials in several hypothalamic neuron populations and is critical for maintaining energy homeostasis. Each cell type that we examined with high expression of Scn9a (AGRP, POMC, and PVH neurons) exhibited near-perfect synaptic input integration. These hypothalamic neurons show step-like changes in membrane potential in response to synaptic input, See also Figure S5 .
which allows extraordinarily efficient summation of excitatory synaptic potentials. In contrast, VMH neurons had low Scn9a expression and showed conventional leaky input integration. Importantly, deep-brain in vivo whole-cell recordings demonstrated that PVH neurons receive sparse excitatory synaptic inputs with step-like voltage changes preceding neuron firing, confirming that this mode of synaptic integration is used in the mouse brain. Thus, these experiments reveal a specialization of hypothalamic neurons that set behavioral state over extended timescales to prolong synaptic inputs for near-perfect integration.
Loss of Na v 1.7 in AGRP, POMC, and PVH neurons resulted in significant body weight changes that were consistent in magnitude with previous studies that have interfered with signaling pathways in these neuron populations (Balthasar et al., 2004; Tolson et al., 2010; van de Wall et al., 2008) . In these hypothalamic populations, the most prominent neuronal effect of reduced Na v 1.7 expression was diminished synaptic integration due to loss of persistent sodium current. Notably, action potential threshold and amplitude as well as synaptic release were unchanged with reduction of Na v 1.7, which may be due to compensation from multiple other voltage gated sodium channels expressed in these neurons. Thus, the loss of near-perfect synaptic input integration reduces the output of these cell types and leads to altered body weight set-point. Although the effect on body weight may also be related to additional aspects of Na v 1.7 function in these neurons, the prominent effect on synaptic integration indicates the importance of this efficient integration property in vivo for the role of these hypothalamic cell types in energy homeostasis.
Why do some hypothalamic neuron populations show nearperfect synaptic integration, while other populations do not? Efficient synaptic integration has several important consequences (Knight, 1972; Pressley and Troyer, 2009) . First, it can generate firing with temporally sparse inputs in a linear manner. This may be an important property for neural circuits that regulate or encode motivational drives, as it generates a constant rate of output as a function of a particular level of synaptic input. Second, it produces poorly timed spikes, suggesting that the information is transmitted to downstream circuits as a rate code. This view is supported by the fact that AGRP neurons elicit feeding behavior with a variety of firing patterns, and the output of AGRP neurons is a strikingly prolonged asynchronous release of GABA (Aponte et al., 2011; Atasoy et al., 2012; Krashes et al., 2011) . Third, prolonged EPSPs increase sensitivity to low frequency inputs, which may be required in AGRP, POMC, and PVH neurons to provide continuous influence on appetite and body weight. These properties of AGRP, POMC, and PVH neurons contrast with cortical or possibly even VMH circuits (Lin et al., 2011) , which influence behavior on very rapid timescales and would be adversely affected by lack of temporal precision and coincidence detection.
Although it has been noted that all voltage-gated sodium channels can elicit persistent currents (Taddese and Bean, 2002) , our experiments indicate that, in these hypothalamic neurons, Na v 1.7 plays a more specialized role for prolonging synaptic input. This function is not solely a property of Na v 1.7 expression. A computational model based on experimentally determined AGRP neuron conductances can produce prolonged EPSPs, but this requires a narrow range of parameters. To permit stable, stepwise increases in membrane potential, I NaP and voltage-sensitive potassium channel conductances must be appropriately tuned along with high input resistance and a depolarized resting membrane potential. One implication of the interplay between these conductances is that efficient synaptic integration in hypothalamic neurons might be a sensitive control point for regulation of neuron activity by sodium and potassium channel gene expression as well as neuromodulation. In addition, not all synaptic inputs were prolonged in neurons showing efficient integration. The decay time for $20% of the EPSPs in AGRP neurons was not greater than the membrane time constant ( Figure 1C ). This might indicate input-specific processing of voltage changes from excitatory synapses. One possible explanation is that the distribution of Na v 1.7 channels or, alternatively key potassium conductances necessary for prolonged input integration, might be differentially localized at specific neuronal compartments such as to subsets of dendritic branches or spines. In addition, our observation that transient sodium current amplitude and action potential threshold were not significantly altered by ablation or knockdown of Scn9a could reflect dendritic localization of Na v 1.7 in these cells or upregulation of other sodium channels in response to loss of Scn9a. Additional studies will be required to establish the role of subcellular sodium and potassium channel distributions for efficient excitatory synaptic integration in these hypothalamic populations.
Notably, Na v 1.7 has been primarily studied for its role in pain, and antagonism of Na v 1.7 is being investigated for anti-nociception therapies. However, our demonstration of widespread Na v 1.7 distribution in the hypothalamus and its critical involvement in energy homeostasis functions show a new role for this ion channel and also indicate that pharmacological therapeutic strategies targeting Na v 1.7 in the peripheral nervous system might preferrably avoid action in the central nervous system. Efficient synaptic integration in AGRP, POMC, and PVH neurons reveals the important role of synaptic control over the electrical activity of these cell types, which has previously been primarily associated with direct hormonal regulation. Recent studies have shown multiple sources of excitatory synaptic control over AGRP, POMC, and other hypothalamic neurons, as well as prominent synaptic plasticity (Atasoy et al., 2012; Krashes et al., 2014; Liu et al., 2012; Pinto et al., 2004; Sternson et al., 2005; Yang et al., 2011) . We show here that these neurons have specialized neuronal computation characteristics due to Na v 1.7 expression. In light of the striking differences in synaptic input integration that we observed in distinct hypothalamic neuron populations, synaptic integration properties are an essential consideration for understanding hypothalamic neural circuit function.
EXPERIMENTAL PROCEDURES Fluorescent In Situ Hybridization
Two-color fluorescence in situ hybridization (FISH) was performed on hypothalamus-containing fixed frozen sections from male Agrp Cre mice (8-9 weeks old), using the proprietary probes and methods of Advanced Cell Diagnostics (see the Supplemental Experimental Procedures).
Constructs for Scn9a
Knockdown miR30-based shRNA constructs for Scn9a were developed using miR_Scan software (http://www.ncbi.nlm.nih.gov/staff/ogurtsov/projects/mi30/) (Matveeva et al., 2012) with the Scn9a coding sequence (NM_01290674.1, position: 3728-3748). To produce a negative control for this miR30-based Scn9a shRNA construct, we used a website to produce a scrambled sequence (http://www.sirnawizard.com/scrambled.php) and then chose a sequence with <76% homology to RefSeq transcripts in the mouse genome and that also obeyed guidelines for miR30-based shRNA (Dow et al., 2012; Matveeva et al., 2012 ) (see the Supplemental Experimental Procedures).
Electrophysiology in Brain Slices
Acute coronal slices (200 mm) were prepared at the level of the ARC from male mice (5-10 weeks) expressing a viral vector or fluorescent proteins in AGRP or POMC neurons (see the Supplemental Experimental Procedures).
Pharmacology
Recordings of EPSCs and intracellular voltage were done in the presence of picrotoxin. Measurements of firing rate using cell-attached recordings were done without blockers (see the Supplemental Experimental Procedures).
Modeling
All simulations were performed with the NEURON simulation environment (Hines and Carnevale, 1997) . Passive parameters were C m = 1 mF/cm 2 , R i = 100 U.cm, R m = 7,000 U.cm 2 for single compartment and R m = 35,000
U.cm 2 for the multi-compartmental model, adjusted to match experimental values of input resistance and membrane time constant. Active conductances were (in millisiemens (mS)/cm 2 ): voltage-activated fast sodium channels (axon 100, soma 100; single compartment 0), voltage-activated potassium channels (axon 10, soma 5; single compartment 3.5; V half adjusted, to match the experimentally recorded potassium current-voltage relationship). I NaP was modeled as an activating and non-inactivating Na + current: I NaP = g NaP * m * (V À V Na ), as previously described (Uebachs et al., 2010) with V half adjusted to À35 mV and placed in the soma at a density of 0.065 mS/cm 2 , matching the current density recorded in AGRP neurons (0.0478 mS/cm 2 for single compartment). AMPA receptor-mediated synaptic conductances were modeled as a double exponential function (t rise = 0.5 ms, t decay = 1.0 ms, g max = 0.5 nanosiemens [nS] 
